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Introduction
With fast development of microelectronic devices and flexible electronic devices, two emerging battery technologies of thin-film lithium-ion microbatteries and flexible lithium-ion batteries have attracted remarkable attention due to the potential enormous market in the future [1] [2] [3] . While the microelectronic industry is developing at a rapid pace with smaller and smaller devices, the implementation of microelectro-mechanical systems (MEMS) on the market heavily depends on the availability of on-board power sources. However, traditional rechargeable batteries based on liquid electrolyte are not applicable due to the restrictions for on-chip design, size, and inherent risk of leakage, which give rise to the development of all-solid-state thin film lithium-ion microbattery technology [4, 5] . As more energy is required inmicroelectronic devices, two-dimensional (2D) thin film microbatteries are no longer the ideal battery design because the limited footprint area results in a compromise between energy density and power density for the built-in power source. A move to all-solid-state three-dimensional (3D) architectures has been proposed as a promising approach to tackle this challenge and achieve both high energy and power densities within the footprint area [6, 7] . In the mean time, the flexible electronics is emerging as a successful technology for the next generation flexible optoelectronic devices in various applications such as rollup displays, smart electronics, and wearable devices, which find flexible lithium-ion batteries as the reliable power supply [8] . Flexible lithium-ion batteries adopt the same core battery components and working principles with the conventional lithium-ion batteries, but require high flexibility and mechanical strength for both anode and cathode [9] [10] [11] .
3D microbatteries generally require the fabrication of 3D nanoarchitectured electrodes with large capacity at high charge/discharge rates and long-term cycling capability [12] . Without using binders or conductive additives, the direct fabrication of nanoarchitectures for the electrode materials on conductive substrates represents a new class of electrodes: 3D self-supported electrodes [13, 14] . Except for the key component for constructing 3D microbatteries, the 3D self-supported electrodes using flexible substrates, such as metal foil and carbon cloth, can be ideal electrodes for flexible lithium-ion batteries [15] [16] [17] . Active research efforts have been made to the synthesis and characterization of various 3D self-supported electrodes on different conductive substrates [18, 19] . Most of the previous works, however, focused on the preparation of 3D self-supported nanoarchitectures for anode materials such as Si [20] , Co 3 O 4 [21] , and TiO 2 [22, 23] , while very limited work has been reported on the 3D self-supported nanoarchitectures for cathode materials [24, 25] . The difficulty lies in the fact that the synthesis of cathode materials such as LiCoO 2 and LiMn 2 O 4 involves high temperature treatment, which is hard to retain the nanostructures after heat treatment. Moreover, the flexible substrate such as carbon cloth is not stable at temperature above 400 °C in the air, which makes the fabrication of flexible cathode a great challenge. As lithium source in lithium-ion batteries, cathode plays a pivotal role in determining the electrochemical performance of microbatteries and flexible lithium-ion batteries.
Therefore, fabrication of high quality 3D self-supported cathode nanoarchitectures will be the key to accomplish the construction of 3D microbatteries and flexible lithium-ion batteries and further boost their energy density and power density.
LiMn 2 O 4 is one of the most attractive cathode materials for lithium-ion batteries owning to its low cost, environmentally friendliness, high electrochemical performance, and simple synthesis.
Various LiMn 2 O 4 nanostructures, including nanowires [26] , nanotubes [27] , and nanoparticles [28] 
Materials Characterization
The crystallographic information and phase purity of the samples were characterized by X-ray powder diffraction (XRD, Bruker-AXS D8 Advance), Raman spectroscopy (Jobin-Yvon T6400
Micro-Raman system), and X-ray photoelectron spectroscopy (Phi Quantera SXM spectrometer using Al Kα X-ray as the excitation source). The morphology and microstructure of the samples were investigated by field emission scanning electron microscopy (FESEM, Hitachi S4300), transmission electron microscopy (TEM), and high-resolution transmission electron microscopy (HRTEM, FEI Tecnai 20).
3 Electrochemical Measurements
The ) is comparable to that of literature reports on loading active material on the carbon textile for flexible lithium-ion batteries [11, 17] .
Results and discussion
As high-temperature treatment is usually detrimental to fabrication of nanostructures for cathode materials, we developed a low-temperature "hydrothermal lithiation" method to fabricate 3D porous LiMn 2 O 4 nanowall arrays on different conductive substrates. As illustrated in Figure 1a , the demonstrates that every nanowall is composed of interconnected nanocrystallines. The formation of the macroporous nanowall arrays can be understood by the cathodic deposition process. During the cathodic deposition, water electrolysis generates H 2 bubbles at the cathode surface and increases the OH -concentration in the vicinity of cathode surface. The continuous generation of H 2 bubbles at the cathode surface functions as dynamic template, which prevents uniform precipitation on the substrate [34] . The precipitation can only take place at the free space between H 2 bubbles, thus forming the hierarchical nanowall arrays by continuously stacking the nanoparticles. After the "hydrothermal lithiation," the morphology of the macroporous nanowall arrays was well preserved and was not influenced by the hydrothermal temperature. As the hydrothermal temperature increases, the nanowall thickness increases with larger particle size, indicating the lithiation to the Mn 3 O 4 nanowalls and grain growth at higher temperatures.
As illustrated in Figure 2a , is illustrated in Figure S2 (Supporting Information). The phase evolution was investigated by XRD and Raman Spectroscopy. Figure 2b shows the XRD patterns of the pristine [40] , showing Li excess in the hydrothermally prepared spinel samples. As 240°C is the temperature limit for our hydrothermal system, further increasing the temperature could cause safety issues. The structural evolution of the samples synthesized at 240 °C with various synthesis times from 1 to 24 h was characterized by XRD (Supporting Information, Figure S3 [40] . The redox peaks become weak and broad for the samples synthesized at lower temperatures, indicating low degree of crystallinity without an ideal spinel structure. In addition, the S3 sample shows the smallest potential difference between cathodic and anodic peaks, suggesting small polarization and low resistance of the electrode with high electrochemical activity. Figure 4c shows the CV curves of the S3 sample at various scan rates from 0.1 to 10 mV s -1 . Even at the high scan rate of 10 mV s -1 , the CV curve of the S3 sample still retains well-defined redox peaks with only slight distortion, illustrating fast Li intercalation/deintercalation process and good rate capability. To compare the rate performance of each sample, the different electrodes were charged and discharged at different C rates and the specific capacities as a function of cycle number are shown in Figure 4d . The S3 sample demonstrates much larger reversible capacities at different C rates compared to S1 and S2, exhibiting superior rate performance. The discharge capacities of the S3 sample are 131.8, 120.9, 110.4, and 97.1 mAh g -1 at 1 C, 5 C, 10 C, and 20 C, respectively, which outperform the rate performance of LiCoO 2 /Al nanorod arrays [41] , LiCoO 2 nanowire arrays [25] , LiMn 2 O 4 /TiN/SiO 2 nanowire arrays [30] , and C/LiFePO 4 /Ti/Ni nanowire arrays [42] . The outstanding rate performance of the present LiMn 2 O 4 nanowall arrays can be attributed to their small particle size, high level of crystallization, and porous structure, which facilitate fast Li + ion transport in the electrode. Besides the specific capacity and rate performance, the cycling performance of the electrode is also important for practical application of flexible lithium-ion batteries. Figure 4e portraits the cycle performance of S1, S2, and S3 cycled at 1 C rate for 200 cycles at room
temperature. The S3 sample shows the best cycling stability with 96% capacity retention after 200 cycles, which is much better than those of S1 (90%) and S2 (94%). The capacity fading of spinel LiMn 2 O 4 is mainly attributed to structure degradation by volume variation during Li intercalation/deintercalation and Mn dissolution in the electrolyte. The samples with lower degree of crystallinity have a defective spinel structure with poor structural stability, which could accelerate structural degradation during cycling, thus leading to early capacity fading. The S3
sample, possessing well-defined spinel structure with high degree of crystallinity and mesoporous structure with small particle size, could well accommodate the volume changes and retain the structural integrity during repeated charging and discharging. More importantly, the 3D LiMn 2 O 4 nanowall arrays (S3) exhibit a large areal capacity up to 0.29 mAh cm -2 , which is about 10 times larger than those of 2D planar LiMn 2 O 4 thin film electrodes [43] , and much larger than those of previously reported 3D thin film cathodes (Supporting Information, Table S1 ) [30, 41, 42] . powders are shown in Figure S7 and S8 in Supporting Information. Both electrodes were cycled between 3 and 4.4 V at 1 C rate for 200 cycles at room temperature. As shown in Figure S9 (Supporting Information), the LiMn 2 O 4 nanowall arrays exhibit enhanced capacity retention ( , respectively, between 1.6 and 3.0 V at 1 C rate. The reversible capacity of the full cell was measured to be 105.6 mAh g -1 after 100 cycles. Except for the initial dozens of cycles, the coulombic efficiency for the rest of cycles is close to 100%. In addition to the good cycle performance, the full cell exhibits excellent rate capability as shown in Figure 4h . Even at a high rate of 20 C, the full cell still can deliver a reversible capacity of about 92.1 mAh g -1 , which is about 73% of the reversible capacity at 1 C (Supporting Information, Figure S14 ). The flexibility of the full cell device was further investigated by testing the charge/discharge behavior and cycling stability at various bending states (Supporting Information, Figure S15 -17) . It is demonstrated that the full cell device retains almost the same charge/discharge curves and constant charge/discharge capacities at various bending states and after repeated bending cycles, proving good flexibility of the full cell device. For demonstration purpose, the fully charged full cell device was used to light a 3 V, 10 mW light emitting diode (LED). The full cell can continuously power the LED under different bending states (Supporting Information, Figure S18 ), implying good flexibility and potential application in flexible electronics.
Conclusions
In summary, the development of 3D cathodes that consist of self-standing 
